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Abstract

Numerical results obtained with the direct simulation Monte Carlo (DSMC)
method are presented for Mach 15.6 nitrogen flow about a 70-deg spherically blunted
cone at zero incidence. This flow condition is oné of several gehérated in the Large
Energy National Shock (LENS) tunnel during tests of a 15.24 cm diameter model with
an afterbody sting. The freestream Knudsen number, based on model diameter, is
0.0023. The focus of the DSMC calculations is to characterize the near wake flow under
conditions where rarefaction effects may influence afterbody aerothermal loads. This
report provides information concerning computational details along with flowfield and
surface quantities. Calculations show that the flow enveloping the test model is in
thermal nonequilibrium and a sizable vortex develops in the near wake. Along the
model baseplane the heating rates are about 0.6 percent of the forebody stagnation
value while the maximum heating along the sting is about 4.2 percent of the forebody
stagnation value. Comparison of a Navier-Stokes solution with the present calculations

show good agreement for surface heating, pressure, and skin friction results.



~ Reynolds number, Req = pVd/u

Nomenclature
base area of cone, A = nd2/4
drag coefficient, Cp = 2D/ pooV?oA
skin friction coefficient, Cf= 21 /pwVi
heat transfer coefficient, Cpy = 2q/ pooVi
pressure coefficient, Cp=2p/ pmV,,zo

base diameter

molecular diameter at reference temperature
drag

Knudsen number, Kn = A/d

Mach number

molecular weight, of N9, M = 28.02 g/mole
surface pressure

surface heat flux

gas constant for Ng, R = 296.7 J/kgK

cone base radius

corner radius

nose radius

distance along the body surface measured from the stagnation point

temperature exponent of the coefficient of viscosity
speed ratio, S = vIM/2RT

thermodynamic temperature

internal kinetic temperature

overall kinetic temperature

rotational temperature



Tt translational temperature

Ty vibrational temperature

Tw surface temperature

u axial velocity

v radial velocity

v velocity

X ax@al distance from stagnation point measured along symmetry
axis

y radial distance from symmetry axis

Y ratio of specific heats

r Gamma function

A mean free path

T dynamic viscosity

p density

c collision cross section

1 ‘shear stress

Subscripts

ref reference value

w surface values

o0 freestream values

Introduction
In order to reduce design uncertainties for hypersonic vehicles, it has and
continues to be a fundamental tenant that experiments be performed to aid in the
development and testing of computational models with regard to key fluid dynamic
and thermochemical processes. Computational tools that successfully meet these tests

can then be applied with higher confidence to flight environments for which it may be
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impossible to duplicate in ground-based facilities. The current study is part of such a

process where the focus is hypersonic wake flows produced by a 70-deg spherically
blunted cone; the same forebody configuration as that for the Mars Pathfinder Probe.
The blunt body/wake flow problem is only one of several fundamental hypersonic
problems being addressed both computationally and experimentaliy under the aegis! of
AGARD Working Group 18. The emphasis of the AGARD blunt body / wake studies is
the significance of rarefaction and real gas effects on the near wake as it influences the
afterbody heating and pressure distributions. Experiments are being conducted in both
low density wind tunnels and impulse tunnels. Computations are being made with
direct simulation Monte Carlo (DSMC) and Navier Stokes methods for selected
experimental2-8 cases and generic flight conditions?-11,

The present focus is the application of the DSMC method of Bird12-13 to one set
of test conditions that have been run in the Large Energy National Shock Tunnel (LENS)
facility14-15. The model was a 70°spherically blunted cone with a 0.1524 m base
diameter and sting mounted at zero incidence. For the low Reynolds number test
(Reo,d=8,193) made in Mach 15.6 nitrogen, the flow energy was approximately
5 MJ/kg. Such a flow provides a relatively simple yet important test condition in that
there is significant thermal nonequilibrium but negligible dissociation. Measurements
included surface heating rates and pressure along the forebody, base plane, and sting
with heating instrumentation concentrated along the sting. (The experimental data are
to be released10 at a later date.) The present paper describes the flowfield and surface
results obtained with the DSMC simulations and the surface results are compared with

those obtained using a Navier Stokes solver.

Computational Method and Boundary Conditions
The direct simulation Monte Carlo (DSMC) method12-13 provides a numerical

capability that acknowledges the discrete nature of a gas and thereby provides a
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capability of simulating flows across the complete flow spectrum of continuum to free

molecular flows. However, the DSMC method is normally applied to the transitional
and free molecular flow regimes since the computing requirements can become
excessive for continuum applications.

The model configuration and computational grid are shown in Figs. 1 and 2,
respectively. The computational domain is such that the upstream and side boundaries
can be specified as freestream conditions. The downstream outflow boundary is
specified as a vacuum condition located (0.4 m) downstream of the forebody stagnation
point. (The model with sting is 0.489 m in length; however, a support is affixed to the
end of the sting. This support was not modeled in the present study.) Figure 1 presents
information concerning model configuration and Fig. 2 shows the physical extent of the
computational domain which is subdivided into 15 unstructured regions with each
region subdivided into computational cells for a total of 22,808 cells. The number of
cells shown in Fig. 2(a) have been reduced for clarity (one-fourth the number normal to
the surface and one-half along the surface). The number of simulated molecules is of
the order of 20 per cell. Within a given region, each simulated molecule represents a
fixed number of physical or real molecules (a large number on the order of 1.0 x 1011).

The molecular collisions are simulated using the variable hard sphere (VHS)
molecular model. This model employs the simple hard sphere angular scattering law so
that all directions are equally possible for post-collision velocity in the center-of-mass
frame of reference. However, the collision cross section is a function of the relative
energy in the collision. The freestream viscosity and mean free path are evaluated using
the VHS collision model with Tref = 300 K, dref = 4.07 x 1010m and s = 0.75 (dref is the
molecular diameter at reference temperature Tref ands is the temperature exponent of
the coefficient of viscosity). The freestream mean free path is calculated from the

relation (see Ref. 12).



(Toofr ref)m
Ao = (1)
[V2n.. Oper 2-0)°T (2-w)]
w=s-172 (2)

Energy exchange between kinetic and internal modes is controlled by the Larsen-
Borgnakkel7 statistical model. For the present study, simulations are performed using
a nonreacting gas model with one chemical species (N2) while considering energy
exchange between translational, rotational, and vibrational modes (rotational relaxation
collision number of 5 and vibrational relaxation collision number a function of the cell
translational temperature using the functional relation and constants given in Appendix
A of Ref. 12).

Several preliminary runs were made to adjust the cell resolution near the surface
such that the cell dimension normal to the surface was less than the local mean free
path. This was achieved except for the base plane where some of the cells had a

thickness equal to 1.5 A.

Freestream and Surface Conditions
The freestream nitrogen flow is assumed to be uniform at the specified 16 test

conditions. Also, the freestream is assumed to be in thermal equilibrium; however, this
is problematic due to the nozzle expansion. Specific inputs for the DSMC simulation
are:

Voo =3245.8 m/s

Noo = 2.807 x 1021 m-3

Too =103.7 K
Other quantities of interest are: )

Poo = 1.306 x 104 kg/m3

Poo = 4.02 N /m2



o = 15.64

Aoo = 0.35 mm

Hoo =7.88 x 10-6 Paes

Reoo ,d= 8, 193

Kneo = 0.0023
where the viscosity and mean free path were evaluated with the variable hard sphere
collision model and the characteristic length is the model base diameter (d = 0.1524 m).
The surface temperature is assumed to be constant at 294.4 K and the gas-surface

interaction model is diffuse with full thermal accommodation.

Simulation Details and Tabulated Results

Data presented are time averaged results obtained between time steps 59,533 and
81,333. Flowfield quantities were sampled every fifth time step. The simulation was
not time consistent since the computational time step, in general, varied from region to
region. Table 1 provides timing information for each of the 15 regions as to the time at
which the time averaging was initiated ('FROM TIME") to the time where the sampling
was terminated ("TO TIME"). Magnitudes of the time steps ranged from 3 ns (regions 4
and 8) to 225 ns (regions 14 and 15). Table 1 also presents a summary of the freestream
conditions and various nondimensional parameters along with a listing of surface
coordinatgs (midpoint of surface element), pressure, skin friction, incident heat flux,
reflected heat flux, net heat flux, and the number of simulated nitrogen molecules that
have impacted the surface elements during the time averaging interval. The next
grouping of information includes the wetted distance from the forebody stagnation
point to each surface element centroid (s/Rp) along with surface coefficients for
pressure, skin friction, and heat transfer. The final data included in Table 1 is
information concerning drag due to friction and pressure. The calculated axial force for

the model is 19.77 N, producing a drag coefficient, CD, of 1.58. The drag is dominated



8
by the pressure forces, comprising 97.9 percent of the total force. The stagnation heat

transfer coefficient, CH, has a value of 0.144.

Results and Discussion

Results of the present calculations are presented with emphasis on the wake flow
structure and surface quantities. Then comparisons are made with the surface data
obtained by Hash18 using a Navier Stokes code.
Surface Results

Surface distributions for heating rate, pressure (normal force per unit area) and
tangential shear stress are presented in Figs. 3 through 5. These data are presented as a
function of nondimensional distance (s/Rp) along the surface measured from the
forebody stagnation point. The flow expansion about the corner produces orders of
magnitude reductions in surface quantities with respect to their forebody values. (The
semilog plots [Figs. 3(b) and 4(b)] give a better perspective of the magnitude of heating
and pressure along the base plane and sting.) Along the base plane, the heating is
2 orders of magnitude less than the forebody stagnation point value with a magnitude
of about 0.2 W/cm? (0.6 percent of the stagnation value). The heating along the sting
increases to a maximum value of about 1.3 W/cm?2 or about 4.2 percent of the forebody
stagnation value at an s/Rp location of 8.4 (x = 0.21 m). Because of the low Reynolds
number test condition, there is no evidence of a distinct shear layer impingement along
the sting. That is, the surface heating rate increases with distance downstream of the
base plane, reaches a maximum and then decreases gradually. Qualitative features for
the pressure distribution are similar to those for heating rate with the pressure along the
sting obtaining a maximum at the same location as that for heating. The skin friction
experiences a maximum (Fig. 5) near the beginning of the outer corner expansion.

Reattachment of the wake vortex along the sting (Fig. 5) is indicative of a thick shear
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layer since the reattachment occurs at an s/Rp, value of 6 (x = 0.121 m), about 9 cm

upstream of the location of maximum heating and pressure.
Flow Structure - -

Some of the features of the forebody flow are depicted in Figs. 6 and 7 where the
stagnation streamline values for density and temperature are shown, respectively.
Evident is a distinct yet thick shock. Also, the temperature profiles indicate a significant
degree of thermal nonequilibrium for the internal energy exchange models utilized in
the current study. Unpublished calculations by the present authors for flow conditions
similar to the present test case have shown the forebody flow structure to be noticeably
altered while the surface heating to be insensitive to significant variations in the
vibrational relaxation model.

The overall flowfield structure is highlighted in Figs. 8 through 17. As evidenced
by the streamline contours (Fig. 8), a vortex develops for this test condition, extending a
distance downstream of the base plane equal to 9 cm. Separation occurs on the outer
corner (see Fig. 5, just before location 4) before the surface becomes tangent to the base
plane. The minimum values for surface pressure and heating rate occur at or near this
location. As discussed in Ref. 2, this minimum becomes more pronounced with
increasing rarefaction. An indication of the extent of rarefaction is the magnitude of the
velocity slip which is small for the present test case. Figure 9 provides such an
indication where the cell average results (cell thickness < 0.5 1) is presented for the axial
velocity adjacent to the sting. Another measure of the wake structure is the sonic line
location, and Fig. 10 presents this information along with other selected contours.
Velocity vectors in the near wake are displayed in Fig. 11.

The density (Fig. 12) in the near wake has a minimum value near the junction of
outer corner and base plane with magnitude of about 20 percent of the freestream.
Density profiles normal to the sting are presented in Fig. 13 showing the profiles at

three locations downstream of the base plane which is located at x = 0.0318m.
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An overall perspective of the bow shock strength along with the expansion and

recompression in the near wake is given by the "pressure-like' contour plot of Fig. 14.
The "pressure-like" contours are the product of the local density and overall kinetic
temperature normalized by the freestream value. "Pressure-like" profiles normal to the
sting are presented in Fig. 15.

The extent of thermal nonequilibrium can be deduced from the contour plots of
Figs. 16(a) through 16(d) where the overall kinetic temperature, Toy, (defined for a
nonequilibrium gas as the weighted mean of the translational and internal
temperatures) translational temperature, rotational temperature, and vibrational
temperature are presented, respectively. The entire flow domain is in thermal
nonequilibrium. Along the forebody or compression region, the rotational and
translational temperatures are in close agreement. As the flow expands into the near
wake region, the rotational temperature is slightly greater than the corresponding
translational value for most of the inner portion of the wake. The major difference is
due to the slow excitation of the vibrational mode. A clearer indication of thermal
nonequilibrium for the wake is presented in Fig. 17(a) where profiles of the difference in
translational and internal temperatures normalized by the overall temperature are
displayed. Small values for temperature jump and velocity slip are clearly evident

along the sting as shown in Figs. 17(b) and 17(c).

Figures 18 through 20 present comparisons of calculated surface quantities for
heating rate, pressure, and skin friction. The current DSMC results are compared with
predictions obtained by Hash18 using an implicit, 3-temperature Navier Stokes
solver19, The slip boundary conditions used are tﬁose dis&ussed in Ref. 20. The erralI
agreement is shown to be good, particularly along the sting. Largest differences occur

along the base plane. The implication of the present comparisons is that a Navier Stokes
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solver can provide an adequate prediction of surface quantities for the current test

problem.

Concluding Remarks

This report provides computational data characterizing the forebody and wake
flow about a blunt axisymmetric configuration with an afterbody sting. Specifically, the
forebody configuration is that for the Mars Pathfinder mission: a 70° spherically
blunted cone. Furthermore, this configuration has been selected for the blunt body
wake flow studies being addressed computationally and experimentally under the aegis
of AGARD Working Group 18. The present study focuses on one of several shock
tunnel conditions for which experiments have been performed in the LENS tunnel. The
test gas is nitrogen. Future opportunities will exist for direct comparisons with the
experimental data.

The current test condition provides a valuable complement to the flow conditions
that can be produced in low-density wind tunnels in that more energetic flows are
produced. For the current condition, high temperature gas effects are present. That is,
the nitrogen gas that envelopes the test model is in thermal nonequilibrium, yet there is
negligible dissociation. Absence of dissociation simplifies the characterization of heat
transfer measurements in that there are no catalytic wall issues involved. However,
specification of facility flow conditions are somewhat problematic because of the
nonequilibrium nozzle expansion.

Results of the present DSMC calculations show a large vortex in the near wake
region. The reattachment along the afterbody sting indicates a thick separated shear
layer in that the location of maximum heating and pressure along the sting occurs about
9 cm downstream of the reattachment location. The heating rates along the base plane
are about 2 orders of magnitude less than the forebody stagnétion point value. Along

the sting, the maximum heating rate is about 4.2 percent of the forebody stagnation
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value. Anindependant calculation using the Navier-Stokes methodology yields good

agreement with the DSMC results for surface heating, pressure, and skin friction.

If nonintrusive measurement techniques could be employed to characterize the
thermal and chemical state of the gas species, valuable data would be obtained for
developing and validating energy exchange and chemical reaction models for both
compressive and expanding flows. By developing a test matrix that brackets the
present level of rarefaction, using both nitrogen and air as test gases, and generating
flow energies of 5 MJ/kg and higher, a number of valuable test conditions are possible
with existing impulse facilities. Such a matrix of test conditions provides a wide
spectrum of flows with both thermal and thermochemical nonequilibrium conditions.
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Table 1. Tabulated Quantities Including Surface Data

GAS

SPECIES = N2
MOLE FRACTIONS = 1.000
MOLECULAR WEIGHT = 28.020

REFERENCE TEMPERATURE,K =

WALL DATA:

TEMPERATURE K = 294.4

REGION 1 FROM TIME 0.893E
0.30769E+09

REGION 2 FROM TIME
0.91255E+09

REGION 3 FROM TIME 0.357E
0.11210E+10

REGION 4 FROM TIME 0.178E
0.63113E+07

REGION 5 FROM TIME 0.893E
0.35900E+08

REGION 6 FROM TIME 0.268E
0.20640E+09

REGION 7 FROM TIME 0.223E
0.38379E+06

REGION 8 FROM TINME 0.178E
0.14451E+06

REGION 9 FROM TIME 0.714E
0.33005E+07

REGION 10 FROM TIME 0.223E
0.B6515E+08

REGION 11 FROM TIME 0.446E
0.97600E+08

REGION 12 FROM TIME 0.446E
0.27290E+08

REGION 13 FROM TIME 0.892E
0.47230E+08

REGION 14 FROM TIME
0.32862E+Q9

REGION 15 FROM TIME 0.134E
0.77555E+09

@

.446E

<

L134E

NUMBER OF MOVE SEGMENTS 0.485
TOTAL NUMBER OF ENTERING MOLE
0. EXCESS MOLECULE ERRO

TOTAL NUMBER OF SAMPLES 4400

489146 MOLECULES

SURFACE PROPERTIES

(70-deg Blunted Cone with Sting ).

FREESTREAM QUANTITIES

VELOCITY IN X-DIRECTION, M/S = 3245.8
VELOCITY IN Y-DIRECTION, M/S = 0.0
MACH NUMBER = 15.64
SPEED OF SOUND, M/S = 207.57
SPEED RATIO = 13.08
MOST PROBABLE SPEED, M/S = 248.10
TEMPERATURE, K = 103.72
DENSITY, KG/M3 = 0.1306E-03
NUMBER DENSITY, M-3 = 0.2807E+22
PRESSURE, N/M2 = 0.4019E+01
GAMMAF = 1.40
MOLECULAR WEIGHT = 28.020
VISCOSITY, PA*S = (.7885E-05
REYNOLDS NUMBER = 0.8193E+04
SHOCK REYNOLDS NUMBER = 0.4364E+03
V-BAR PARAMETER (M/SQRT (REN)) = 0.173
CHI-BAR PARAMETER (M*3/SQRT(REN)= 42.24
CHARACTERISTIC LENGTH, M = 0.1524E+00
MEAN FREE PATH, M = 0.3512E-03
KNUDSEN NUMBER = 0.00230

0

0

300.00 VISCOSITY-TEMPERATURE-EXPONENT=

FRACTION SPECULAR REFLECTION= 0.0

-03 TO TIME 0.122E-02 COLLISIONS:
-02 TO TIME 0.6i1E-02 COLLISIONS:
-02 TO TIME  0.489E-02 COLLISIONS:
-03 TO TIME  0.244E-03 COLLISIONS:
-03 TO TIME 0.122E-02 COLLISIONS:
-02 TO TINE 0.367E-02 COLLISIONS:
-03 TC TIME 0.306E-03 COLLISIONS:
-03 TO TIME  0.244E-03 COLLISIONS:
-03 TO TIME 0.977E-03 COLLISIONS:
-02 TO TIME  0.306E-02 COLLISIONS:
-02 TO TIME 0.611E-02 COLLISIONS:
-02 TO TIME  0.611E-02 COLLISIONS:
-02 TO TIME  0.122E-01 COLLISIONS:

-01 TO TIME 0.184E-01 COLLISIONS:

le]

-01 TO TIME

44E+11 RATIC 0.10017E+01
CULES = 1.67772E+07
RS 2668. REMOVAL ERRORS

-184E-01 COLLISIONS:

0.

75

15
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000000000000 CLDOOCTO00OLODAOUO0O00000000000000000000000CO0COO0QOOO0O00O0ODOO0D0O0DO0VO0O0O0DDO0DOO00000DO0COO0O0OOLOOO

X COORD
m

.5158E-05
.2674E-04
.7230E-04
.1448E-03
.2474E-03
.3831E-03
.5553E-03
.7672E-03
.1022E-02
.1324E-02
.1676E-02
.2081E-02
.2530E-02
.2998E-02
.3472E-02
.3953E-02
.4440E-02
.4933E-02
.5432E-02
.5938E-02
.6450E-02
.6968E-02
.7492E-02
.8023E-02
.8560E-02
.9104E-02
.9653E-02
L1021E-01
.1077E-01
L1134E-01
.11%91E-01
.1250E-01
.1308E-01
.1368E-01
.1428E-01
.1488E-01
.1550E-01
.1611E-01
.1674E-01
.1737E-01
.1801E-01
.1865E-01
.1930E-01
.1996E-01
.2062E-01
.2129E-01
.2196E-01
.22653E-01
.2333E-01
.2403E-01
.2441E-01
.2450E-01
.2460E-01
.2472E-01
.2487E-01
.2504E-01
.2523E-01
.2545E~01
.2570E-01
.2597E-01

262BE-01

.2661E-01
.2637E-01
.2735E-01
.2775E-01
.2810E-01
2839E-01
.2870E-01
.2904E-01
.2939E-01
.2975E-01
.3012E-01
.3047E-01
.3073E-01
.3091E-01
.3111E-01
.3132E-01
.3150E-01
.3165E-01
.3174E-01
.3177E-01
.3177E-01
.3177E-01
.3177E-01
.3177E-01
.31778-01
.3177E-01
.3177E-01
.31778-01
.3177E-01

Y COORD
m

.4434E-03
.1350E-02
.2296E-02
.3280E-02
.4303E-02
.5362E-02
.6456E-02
.7585E-02
.8746E-02
.9937E-02
.1116E-01
.1240E-01
.1367E-01
.1496E-01
.1626E-01
.1758E-01
.1892E-01
.2027E-01
.2164E-01
.2303E-01
.2444E-01
.2586E-01
.2730E-01
.2876E-01
.3024E-01
.3173E-01
.3324E-01
.3477E-01
.3631E-01
.3787E-01
.3945E-01
.4105E-01
.4266E-01
.4429E-01
.4594E-01
.4761E-01
.4929E-01
.5099E-01
.5271E-01
.5444E-01
.5619E-01
.5796E-01
.5975E-01
.6155E-01
.6337E-01
.6521E-01
.6707E-01
.6894E-01
.7083E-01
. 7274E-01
.7379E-01
.7399E-01
.7419E-01
.7440E-01
.7462E-01
.7483E-01
.7505E-01
.7525E-01
.754SE-01
.7564E-01
.7580E-01
.7595E-01
.7606E-01
.7615E-01
.7619E-01
.7619E-01
.7617E-01
.7612E-01
.7604E-01
.7592E-01
.7575E-01
.7552E-01
.7524E-01
.7500E-01
.7479E-01
.7452E-01
.741BE-01
.7376E-01
.7327E-01
.7269E-01
.7157E-01
.6992E-01
.6826E-01
.6658E-01
.6489E-01
.6319E-01
.6147E-01
.5975E-01
.5B00E-01
.5625E-01

PRESSURE

N/m*2

.1221E+04
.1251E+04
.1266E+04
.1269E+04
.1261E+04
L1273E404
.1267E+04
.1259E+04
.1259E+04
.1246E+04
.1240E+04
L1231E+04
L1227E+04
L1222E+04
.1237E+04
L1234E8+04
L1212E+04
L1222E+04
L1213E+04
L1221E+04
.1209E+04
-1204E+04
L1207E+04
.1204E+04
.120CE+04
.1195E+04
.1183E+04
.1190E+04
.1181E+04
.1180E+04
.1174E+04
.1172E+04
.1168E+04
.1156E+04
.1164E+04
L1146E+04
.1149E+04
L1134E+04
.1133E+04
.1124E+04
.1117E+04
.1101E+04
.1094E+04
.1084E+04
.1067E+04
.1050E+04
.1022E+04
.9966E+03
.9662E+03
.3061E+03
.7247E+03
.6671E+03
.6044E+03
.561B8E+03
.4911E+03
L4343E+03
.3835E+03
.3262E+03
.2754E+03
L2247E+03
.1876E+03
.1494E+03
.1195E+03
.9366E+02
L6994E+02
.5525E+02
.4386E+02
.3191E+02
.2656E+02
.1962E+02
.1337E+02
.8251E+01
.5405E+01
.4384E+01
.3602E+01
.2023E+01
.1922E+01
.1310E+01
.1575E+01
.2170E+01-
.2670E+01-
.3819E+01-
.5054E+01-
.5776E+01-
.6692E+01-
.T161E+01-
.7761E+01-
.B322E+01-
.B706E+01-
.9006E+01-

0
0
o]
0
0
0
0
o]
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
s}
0
0
0
0
0
0
[
[
0
0
[
0
Q
0
0
[
0
0
0
[¢]
0
0
0
0
o]
0
0.
0
[
0
[
0
o]
0
0
0
0
0
0
0
0
0
0
0
¢
0
[
0
o4
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

SHEAR ST.

N/m*2

.2304E+01
.5323E401
.7274E+01
.7913E+01
.7B73E+01
.1125E+02
.1342E+02
.1245E+02
.1423E+02
.1484E+02
.1383E+02
.1462E+02
.1484E+02
.1422E+02
L1412E+02
.1590E+02
.1493E+02
.1528E+02
.1625E+02
.1594E+02
.1542E+02
.1615E+02
.160BE+02
.1675E+02
.1642E+02
.1638E+02
L1749E+02
.1807E+02
L1B27E+0Q2
.1895E+02
.1756E+02
L2231E+02
.1853E+02
,2103E+02
.2052E+02
.2320E+02
.2109E+02
L2272E+02
.2284E402
2249E+02
.2421E+02
.264BE+02
.2592E+02
.2816E+02
.2811E+02
.3261E+02
.3622E+02
.3791E+02
.4455E+02
.5567E+02
.6636E+D2
.7490E+02
.B29BE+02
.B720E+02
.B13BE+02
.B33BE+02
.7855E+02
.7609E+02
.7044E+02
.643BE+02
.572%9E+02
.5196E+02
.4390E+02
.3932E+02
.3316E+02
.2958E+02
.2489E+02
.1955E+02
.1736E+02
.1340E+02
.9795E+01
.6501E+01
.4680E+01
.3376E+01
.2537E+01
.1834E+01
.8647E+00
.7659E+00
.2295E+00
.3617E+00
.2679E+00
.4750E+00
.5577E+00
.6743E+00
.BEIBE+Q0
.7010E+00
.610BE+Q0
.9050E+00
.1070E+01
.1072E+01

’

INC ENG
W/m*2

.6B14E+06-0.
.6B99E+06-0.
.6RBIE+06-0.
.6B34E+06-0.
.6785E+06-0.
.6765E+06-0.
.6651E+06-0.
.G658BE+D6-0.
.6535E+06-0.
,6424E+06-0.
.6335E+06-0.
.6238E+06-0.
.6149E+06-0.
.6080E+06-0.
.6082E+06-0.
.6032E+06-0.
.5903E+06-0.
.55309E+06-0.
.5844E+06-0.
.5847E+06-0.
.5779E+06-0.
.5732E+06-0.
.5735E+06-0.
.5714E+06-0.
.568BE+06-0.
.5653E+06-0.
.5632E+06-0.
.5606E+06-0.
.5555E+06-0.
.5552E+06-0.
.5512E+06-0.
.5501E+06-0.
.5460E+06-0.
.5398E+06-0.
.5432E+06-0.
.5376E+06-0.
.5363E+06-0.
.5317E+06-0.
.5314E+06-0.
.5285E+06-0,

.5248E+06-0.

.5196E+06-0.
.5172E+06-0.
.5136E+06-0.
.5097E+06-0.
.5051E+06-0.
.4943E+06-0,
.4821E+06-0.

L4R16E+06-0.
.4672E+06-0.
.3939%E+06-0.
.3777E+06-0
.3486E+06-0.
.329BE+06-0.
.2946E+06-0
.2705E+06-0.
.2407E+06-0.
.2084E+06-0

.1776E+06-0.
.149BE+06-0.
.1283E+06-0.

.1042E+06-0.

.8604E+05-0.
.7014E+05-0.
.5384E+05-0.
.463BE+05-0.

.3636E+05-0

.2757E+05-0.
.2313E+05-0.
L 1772E405-0.
.1299E+05-0.
.8011E+04-0.
.5543E+04-0.
.4034E+04-0,
.3715E+04-0.
.2145E+04-0.
.1538E+04-0.
.1270E+04-0.
.1190E+04-0.
.1456E+04-0.
.1717E+04-0.

.2252E+04-0

.2726E+04-0.
.3086E+04-0.

.3488E+04-0

.3654E+04-0.
.3849E+04-0.
.4100E+04-0.
.4266E+04-0.
.4444E+04-0.

REF ENG
Wim*2

3594E+06
3693E+06
3790E+06
3799E+06
1794E+06
3R30E+06
3B30E+06
3817E+06
3822E+06
3801E+06

T78E+06
3769E+06
3773E+06
1787E+06
3854E+06
3861E+06
3799E+06
3842E+06
3816E+06
3849E+Q6
3797E+06
3782E+06
3810E+06
3818E+06
31789E+06
3773E+06
3782E+06
3770E+06
3747E+0€
3731E+06
3735E+06
3724E+06
3706E+06
3677E+06
3699E+06
3643E+06
3660E+06
3611E+06
3613E+06
3579E+06
3555E+06
3498E+06
3467E+06
3428E+Q6
3371E+06
3306E+06
3219E+06
3122E+06
3014E+06
2789E+06
2189E+06

.1997E+06

1782E+06
1655E+06

.1436E+06

1266E+06
1115E+06

.9453E+05

7958E+05
6478E+05
5356E+05
429BE+05
3440E+05
2717E+Q5
2014E+05
1617E+05

.1300E+05

943BE+04
BO62E+04
5964E+04
4305E+04
2675E+04
1796E+04
143131E+04
12278+04
T7265E+03
6326E+03
4727E+03
5752E+03
690BE+03
8844E+03

.1224E+04

1598E+04
1763E+04

.2103E+04

2233E+04
2442E+04
2617E+04
2755E+04
2821E+04

NET ENG
W/m*2

.3220E+06
.3206E+06
.3093E+06
.1036E+06
.2991E+0C6
.2935E+06
.2821E+06
.2771E+06
L2713E+06
.2623E+06
.2558E+06
.2469E+06
.2370E+06
L2293E+06
.2228E+06
L2171E+06
.2105E+06
.2067E+06
.202BE+C6
.19%RE+06
.1982E+06
.1950E+06
-1923E+06
.1897E+06
.18%9E+06
.1886E+06
.1R50E+06
.1836E+06
.1807E+06
.1821E+06
.1777E+06
.177RE+06
.1755E+06
.1722E+06
.1733E+06
.1733E+06
.1702E+06
.1706E+06
.1701E+06
.1706E+Q6
.16%4E+06
.1638E+06
.1705E+06
.1708E+06
.1725E+06
.1745E+06
.1724E+Q6
.1768E+C6
.1801E+06
.1BR3E+06
.1750E+06
.1780E+06
.1704E+06
.1643E+06
.151Q0E+Q6
.1438E+06
.1292E+06
.1139E+06
.9797E+05
.8503E+05
.7477E+05
.6120E+05
.5164E+Q5
.4287E+05
.3371E+05
.3022E+05
.2336E+05
.1813E+05
.1507E+05
.1175E+05
.B6BIE+04
.5335E+04
.3747E+04
.2601E+04
.248BE+D4
.1418E+04
.9050E+03
.7970E+03
.6145E+03
.7647E+03
.8324E+03
.1D029E+04
.1128E+04
.1323E+04
.1385E+04
.1421E+04
.1407E+04
.14B3E+04
.1511E+04
L1623E+04

SAMPLE SPECIES 1-

L26T73E+086
.5727E+06
.4877E+06
.4393E+06
.4054E+06
.3895E+06
.373BE+06
.3593E+06
.3520E+06
.3414E+06
.3357E+06
.3293E+06
L3243F+06
.3163E+06
.3148E+06
.3086E+06
.2979E+06
.2968BE+06
.2906E+06
.2885E+06
L282RE+06
.2789E+06
.2773E+06
.2742E+06
.2705E+06
.2674E+06
.2656E+00
.2626E+06
.2591E+06
.2569E+06
.2546E+06
.2526E+06
-2508E+06
.2471E+06
.2473E+06
.2426E+06
.2424E+06
L2379E+06
L2371E+06
.2344E+06
.2320E+06
.2271E+06
.2247E+06
.2219E+06
L2174E+06
.2125E+06
.2064E+06
.199BE+(C6
.1921E+06
.1774E+06
.1415E+05
.1366E+05
.1306E+05
.12B0E+05
.1179E+05
.1094E+05
.1016E+05
.9039E+04
.7933E+04
.6721E+0C4
.5814E+04
.484B8BE+04
L4013E+04
.3310E+04
.2579E+04
L1367E+04
.11B1E+04
.9710E+03
.B9BOE+03
.7Q000E+03
.5540E+03
.3690E+03
.2610E+03
.1090E+03
.1170E+03
.8300E+02
.9300E+02
.7400E+02
.9300E+02
.1410E+03
.4480E+03
.6510E+03
.8800E+03
.9800E+C3
.1176E+04
.1266E+04
.1405E+04
.149BE+04
.1653E+04
.173BE+04

o



.3177E-01
.3177E-01
.3177E-01
.3177E-01
.3177E-01
.3177E-01
.3177E-01
.3177E-01
.3177E-01
.3177E-01
.3177E-01
.3177E-01
.3177E-01
.3177E-01
.3177E-01
.3177E-01
.3197E-01
.3279E-01
.3445E-01
.3680E-01
.3B33E-01
.3876E-01
.3821E-01
.3963E-01
.4020E-01
.4073E-01
.4129E-01
.4188E-01
.4249E-01
.4312E-01
.4379E-01
.4447E-01
.4519E-01
.4592E-01
.4866E-01
.5339E-01
.5817E-01
.6299E-01
.6784E-01
.7274E-01
.7767E-01
.B265E-01
.8766E-01
.3272E-01
.9782E-01
.1030E+00
.10B1E+00
.1133E+00
.11B6E+00
.1239E+00
.1292E+00
.1346E+00
.1400E+00
.1455E+00
.1510E+00
.1565E+00
.1621E+00
.1677E+00
.1734E+00
.1790E+00
.1848E+Q0
.1906E+00
.1964E+00
.2022E+00
.2081E+00
.2141E+00
.2200E+00
.2260E+00
.2321E+00
.2382E+00
.2443E+00
.2505E+00
.2567E+00
.2630E+00
.2693E+00
.2756E+00
.2B20E+00
.2B84E+00
.2948E+00
.3013E+00
.3079E+00
.3145E+00
.3211E+00
.3277E+00
.3344E+00
.3411E+00
.3479E+00
.3547E+00
.3616E+00
.3685E+00
.3754E+00
.3B24E+00
.38%4E+00

0.5448E-01
0.5270E-01
0.5091E-01
0.4910E-01
0.472BE-01
0.4544E-01
0.4360E-01
0.4174E-01
0.3987E-01
0.3798E-01
0.3608E-01
0.3417E-01
0.3224E-01
0.3030E-01
0.2835E-01
0.2639E-01
0.2429E-01
0.2215E-01
0.2038E-01
0.1934E-01
0.1905E-01
0.1903E-01
0.1905E-01
0.1905E-01
0.1905E-01
0.1905E-01
0.1905E-01
0.1905E-01
0.1905E-01
0.1905E-01
0.1905E-01
0.1%05E-01
0.1905E-01
0.1905E-01
0.1305E-01
0.1905E-01
0.1305E-01
0.1905E-01
0.1905E-01
0.1905E-01
0.1905E-01
0.1905E-01
0.1905E-01
0.1905E-01
0.1905E-01
0.
0
0
0
Q
0
0
0
0
o]
0
0
o}
0
0
o}
0
0
¢}
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
(]
0
0
0
0
0
0
0
0
0
0
0
0
0

1905E-01

.1305E-01
.1905E-01
.1905E-01
.1805E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1505E-01
.1905E-01
.19505E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1305E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1905E-01
.1505E-01
.1505E-01
.1905E-01
.1905E-01

0
0
0
0
0
0
0
0
0
0
0
0
0
0
o]
0
o]
o]
4]
0
¢
0
0
0
0
0
0
0
0
]
0
0
0
0
0
0
0
0
0
0
0
0
[¢]
0
0
0
0
0
0
0
0
0
0
0
0
0
0
¢
g
0
0
0
0
0
0
0
0
0
0
0
0
0
¢
0
0
[¢
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

.9222E+01-0.
.9650E+01~
.1037E+02~
.1023E+02-
.1093E+02-
.1133E+02~
.1155E+02~
.1176E+02-
.1245E+02-
.1269E+02~
.1254E+02-
.1230E+02~
.1365E+02~
.1338E+02-
.1360E+02-
.1366E+02
.1340E+02-
.1307E+02-
.1330E+02-
.1287E+02-
.1329E+02-
.1306E+02-
.1185E+02
.12B8E+02-
.1195E+02-
.12B4E+02-
.1292E+02-
.1228E+02-
.1245E+02-
.1206E+02-
.1200E+02-
.1241E+02-
.1176E+02~
.1214E+02-
.1202E+02-
.1192E+02-
.1263E+02-
.1364E+02-
.14B84E+02-
.1609E+02-
.1B30E+02-
.1988E+02-
.2207E+02-
.2411E+02-
.2622E+02~
.2825E+02-
3057E+02-
.3260E+02-
.34B8E+02-
.3647E+02
.3828E+02
.3898B7E+02
.4201E+02
.4367E+02
.4469E+02
.4567E+02
.4660E+02
.4716E+02
.4890E+02
.4881E+02
.4B97E+02
.4973E+02
.4982E+02
.4979E+02
.5027E+02
.5048E+02
.4968E+02
.4974E+02
.4936E+02
.4921E+02
.4920E+02
.4854E+02
.4768BE+02
.4788E+02
.4619E+02
.4643E+02
.4477E+02
.4454E+02
.4436E+02
.4381E+02
.4342E+02
.4266E+02
.4186E+02
.4158E+02
.4123E+02
.4017E+02
.4032E+02
.3903E+02
.3827E+02
.3736E+02
.3741E+02
.3568E+02
.3399E+02

a.
0.
0.
0.
0.
0.
0.
0.
0.
0.
Q.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
.1514E+01
0.
0.
.1898E+01
0.
0.
.1667E+01
0.
0.
0.
a.
a.
Q.
0.
0.2274E+00
0.5083E+00
0.1010E+01
0.1306E+01
0.1808E+01
0.1718E+01
0.2328E+01
0.2483E+01
0.2794E+01
0.2887E+01
0.3344E+01
0.3454E+01
0.3728E+01
0.3818E+01
0.4015E+01
0.4384E+01
0.4537E+01
0.4271E+01
0.4507E+01
0.4754E401
0.4894E+01
0.
0

0

0

0

0

0

0

o}

(]

[}

0

0

0

0

0

0

0

0

]

0

0

]

0

0

1075E+01
9588E+00
1183E+01
1019E+01
1185E+01
9537E+00
1122E+01
9965E+00
7540E+00
8041E+00
6503E+00
7126E+00
4062E+00
4576E+00
3247E4+00
7488E-01
9575E-01
8632E-01
2186E+00
2457E+00
4071E+00
2802E+00
5808E-01
5892E+00
2558E+00
1977E+00
3188E+00
5488E+00
6323E+00
8320E+00
78B94E+00
6671E+00
9732E+00
9399E+00
8729E+00
1210E+01

1777E+01
1796E+01

1979E+01
1856E+01

1497E+01
1443E+01
1158E+01
1070E+01
4195E+00
3140E+00
7497E-01

5037E+01

.4934E+01
.5010E+01
.5133E+01
.5003E+01
.5104E+01
.5287E+01
.5194E+01
.5288E+01
.54BSE+01
.5425E+01
.5373E+01
.5305E+01
.5449E+01
.5282E+01
.5596E+01
.5426E+01
.5435E+01
.5312E+01
.5593E+01
.5796E+01
.6177E+01

0
0
0
0
0
0
0
0
0
0
]
0
0
0
0
0
0
0
0
0
0
0
[
]
0
0
0
0
0
0
0
0
0
0
Q
0
0
0
0
0
0
0
0
0
0
¢
0.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
¢
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
¢}
0
0
0
0
0
0
0
0
0
0
0
0
0
0

.4440E+04-0.
.4665E+04-0.
.5020E+04-0.
.4991E+04-0,
.5110E+04-0.
.5441E+04-0.
.5548E+04-0.
.5464E+04-0.
.5934E+04-0.
.5872E+04-0.
.5822E+04-0.
.5831E+04-0.
.6179E+04-0.
.5967E+04-0.
.5890E+04-0.
.5785E+04-0.
.5426E+04-0.
.5285E+04-0.
.5390E+04-0.
.5371E+04-0
.5607E+04-0.
.5635E+04-0.
.5163E+04-0.
.5607E+04-0.
.5518E+04-0.
.5630E+04-0.
.5867E+04-0.
.5554E+04-0.
.5B3%9E+04-0.
.5704E+04-0.
.573BE+04-0.
.6160E+04-0.
.5902E+04-0.
.6210E+04-0.
.6059E+04-0.
.6278E+04-0.
.6865E+04-0.
.7522E+04-0.
.8422E+04-0.
.9211E+04-0.
.1045E+05-0.
.1141E+05-0.
.1264E+05-0.
.1364E+05-0.
.1501E+05-0.
.1612E+05-0
1734E+05-0.
.1869E+05-0.
.1978E+05-0.
.2084E+05-0.
.2171E+05-0.
.2253E+05-0.
.2379E+05-0.
.2460E+05-0.
.2540E+05-0.
.2581E+05-0.
.2620E+05-0.
.2627E+05-0.
.2751E+05-0.
.2742E+05-0.
.2743E+05-0,
.2774E+05-0.
.2766E+05-0.
.2770E+05-0.
.2B826E+05-0.
.2846E+05-0.
.2798E+05-0.
.2791E+05-0.
.2B01E+05-0.
.2745E+05-0.
.2749E+05-0.
.2708E+05-0.
.2669E+05-0.
.2678E+05-0.
.2598E+05-0,
.2597E+05-0.
.2536E+05-0.
.2527E+05-0.
.2519E+05-0.
.2495E+05-0.
.2489E+05-0.
.2455E+05-0.
.2414E+05-0.
.2384E+05-0.
.2375E+05-0.
.2311E+05-0.
.2327E+05-0.
.2257E+05-0.
.2220E+05-0.
.2188E+05-0.
.2201E+05-0.
.2133E+05-0.
.2063E+05-0.

2844E+04
3041E+04
3254E+04
3187E+04
3403E+04
3604E+04
3599E+04
3775E+04
386B8E+04
4091E+04
3985E+04
4147E+04
4345E+04
4337E+04
4429E+04
4502E+04
4460E+04
4376E+04
4507E+04

.4346E+04

4507E+04
4315E+04
4050E+04
4243E+04
3898E+04
4246E+04
4242E+04
3995E+04
3950E+04
3886E+04
3861E+04
3195BE+04
3757E+04
3841E+04
3770E+04
3664E+04
3876E+04
4125E+04
4394E+04
4772E+04
5438E+04
5901E+04
6506E+04
7147E+04
7727E+04

.B286E+04

9038E+04
9604E+04
1030E+05
1086E+05
1131E+05
1175E+05
1248E+05
1297E+05
1326E+05
1361E+D5
1383E+05
1410E+05
1456E+05
1453E+05
1458E+05
1485E+05
1486E+05
1486E+05
1500E+05
1505E+05
1476E+05
1484E+05
1463E+05
1468E+05
1469E+05
1447E+05
1424E+05
1427E+05
1376E+05
1388E+05
1334E+05
1324E+05
1318E+05
1299E+05
1286E+05
1270E+05
1240E+05
1231E+05
1223E+05
11B9E+05
1137E+05
1154E+05
1132E+05
1099E+05
1099E+05
1047E+05
9321E+04

0.1596E+04
0.1624E+04
0.1765E+04
0.1B04E+D4
0.1707E+04
0.1837E+04
0.1943E+04
0.1689E+04
0.2066E+04
0.1782E+04
0.1837E+04
0.16B4E+04
0.1834E+04
0.1629E+04
0.1461E+04
0.1283E+04
0.9658E+03
0.9094E+03
0.8832E+03
0.1025E+04
0.1100E+04
0.1319E+04
0.1113E+04
0.1364E+04
0.1619E+04
0.13B4E+04
0.1625E+04
0.1559E+04
0.1889E+04
0.1818E+04
0.1877E+04
0.2203E+04
0.2145E+04
0.2363E+04
0.2283E+04
0.2614E+04
0.2989E+04
0.3397E+04
0.4028E+04
0.4439E+04
0.5015E+04
0.5513E+04
0.6129E+04
0.6492E+04
0.7279E+04
0.7833E+04
0.
]
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
Q0
Q
0
0
0
0
0
0
0
0
0
0
0
o]
0
0
0

8306E+04

.9083E+04
.8477E+04
.89979E+04
.1040E+05
.1078E+05
.1131E+05
.1163E+05
.1214E+05
.1220E+05
.1236E+05
.1217E+05
.1295E+05
.1290E+05
.1291E+05
.1290E+05
.12B0E+05
.1284E+05
.1326E+05
.1340E+05
.1322E+05
.1307E+05
.1332E+05
.1277E+05
.1279E+05
.1261E+05
.1245E+05
.1250E+05
.1222E+05
.1210E+05
.1202E+05
.1204E+05
.1201E+05
.1196E+05
.1203E+05
.1185E+05
.1175E+05
.1152E+05
.1152E+05
.1122E+05
.1131E+05
.1103E+05
.1088E+05
.1088E+05
.1102E+05
.1086E+05
.1071E+0S
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.1818E+04
.1976E+04
.2113E+04
.2146E+04
.2352E+04
.2500E+04
.2615E+04
.2773E+04
.2976E+04
.313BE+04
.3185E+04
.3474E+04
.3731E+04
.3821E+04
.4063E+04
.4211E+04
.4995E+04
.5434E+04
.6075E+04
.6295E+04
.B3T70E+03
.9940E+03
.9820E+03
.1107E+04
.1065E+04
.1130E+04
.1261E+04
.1236E+04
.1306E+04
.1297E+04
.1333E+04
.1426E+04
.1394E+04
.1475E+04
.9702E+04
.8623E+04
.1012E+05
.1086E+05
.1186E+05
.1282E+05
.1468E+05
.1605E+05
.1787E+05
.1976E+05
.2163E+05
.2345E+05
.2549%E+05
.2755E+05
.2985E+05
.3145E+05
.3316E+05
.34B3E+05
.3706E+05
.38B2E+05
.3998E+05
.4123E+05
.4224E+05
.4331E+05
.4512E+05
.4535E+05
.4590E+05
.4638E+05
.4735E+05
.4769E+05
.4856E+05
.4892E+05
.4828E+05
.4B79E+05
.4B63E+05
.4903E+05
.4956E+05
.4901E+05
.4B62E+05
.4902E+05
.4744E+05
.4824E+05
.4658E+05
.4665E+05
.4660E+05
.4653E+05
.4607E+05
.4557E+05
.4510E+05
.4483E+05
.4476E+DS
.4396E+05
.4443E+05
.4298E+05
.4237E+05
.4153E+05
.4168E+05
.4001E+05
.3810E+05

17
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184 0.3965E+00 0.190SE-01 0.3042E+02 0.7399E+01 0.1954E+05-0.8737E+04 0.1080E+05 0.3360E+05

ELEMENT X, m
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.516E-05
.267E-04
.723E-04
.145E-03
.247E-03
.383E-03
.555E-03
.767E-03
.102E-02
.132E-02
.168E-02
.208E-02
.253E-02
.300E-02
.347E-02
.395E-02
.444E-02
.493E-02
.543E-02
.594E-02
.645E-02
.697E-02
.745E-02
.B02E-02
.856E-02
.910E-02
.965E-02
.102E-01
.10BE-01
.113E-01
.119E-01
.125E-01
.131E-01
.137E-01
.143E-01
.14%E-01
.155E-01
.161E-01
.167E-01
.174E-01
.180E-01
.187E-01
.193E-01
.200E-01
.206E-01
.213E-01
.220E-01
.226E-01
.233E-01
.240E-01
.244E-01
.245E-01
.246E-01
.247e-01
.249E-01
.250E-01
.252E-01
.254E-01
.257E-01
.260E-01
.263E-D1
.266E-01
.270E-01
.273E-01
.278E-01
.281E-01
.284E-01
.287E-01
.290E-01
.294E-01
.29BE-01
.301E-01
.305E-01
.307E-01
.308E-01
.311E-01
.313E-01
.315E-01
.317E-01
L317E-01
.318E-01
.318E-01
.318E-01
.318E-01
.318E-01
.318E-01
.318€-01

[eNeRoleN=N-NolleNeleleNo e R NNl Rl Re e e leleNe il NN le N e Re N Ro e Nl e Ne N e Re Ne o o e oo e Re Rellele R Re o Ro oo NoNele oo e Ne e e oo N R NeleNoNoNe Nole N NeNolle Ne le el

O.S*ROF*UF**2=

Y, m

.443E-03
.135E-02
.230E-02
.328E-02
.430E-02
.536E-02
.646E-02
.759E-02
.B7SE-02
.994E-02
.112E-01
.124E-01
.137E-01
.150E-01
.163E-01
.176E-01
.18%E-01
.203E-01
.216E-01
.230E-01
.244E-01
.259E-01
.273E-01
.2B8BE-01
.302E-01
.317E-01
.332E-01
.348E-01
.363E-01
.373E-01
.395E-01
.410E-01
.427E-01
.443E-01
.459E-01
.476E-01
.493E-01
.510E-01
.527E-01
.544E-01
.562E-01
.580E-01
.597E-01
.616E-01
.634E-01
.652E-01
.671E-01
.683E-01
.708E-01
.727E-01
.738E-01
.740E-01
,742E-01
.744E-01
,746E-01
.748E-01
.750E-01
.753E-01
.755E-01
.756E-01
.758E-01
.75%E-01
.761E-01
.761E-01
.762E-01
.762E-01
,762E-01
.761E-01
,760E-01
.759E-01
.757E-01
.755E-01
.752E-01
.750E-01
.748E-01
.745E-01
.742E-01
.738E-01
.733E-01
.727E-01
.716E-01
.699E-01
.683E-01
.666E-01
.649E-01
.632E-01
.615E-01

NONDIMENSIONAL SURFACE QUANTITIES
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0.6879E+03
S/Rn CP
.116E-01 0.177E+01
.354E-01 0.182E+01
.603E-01 0.184E+01
.862E-01 0.185E+01
.113E+00 0.183E+01
.141E+00 0.183E+01
.170E+00 0.184E+01
.200E+00 0.183E+01
.232E+00 0.183E+01
.264E+00 0.181E+01
.297E+00 0.180E+01
.332E+00 O0.179E+01
.367E+00 0.178E+01
.403E+00 0.178E+01
.439%E+00 0.180E+01
.476E+00 0.179E+01
.513E+00 0.176E+01
.551E+00 0.178E+01
.S530E+C0 0.176E+01
.628E+00 0.17BE+01
.668E+00 0.176E+01
.707E+00 0.173E+01
.748E+00 0.175E+01
,788E+00 0.175E+01
.B30E+00 0.174E+01
.B71E+C0 0.174E+01
.913E+00 0.173E+01
.956E+00 0.173E+01
.999E+00 0.172E+01
.104E+01 0.172E+01
.109E+01 0.171E+01
.113E+01 0.17CE+Q1
.118E+01 0.170E+01
.122E+01 0.168E+01
.127E+01 0.169E+01
.131E+01 ©.167E+01
.136E+01 0.167E+01
.141E+01 0.165E+01
.146E+01 0.165E+01
.151E+01 0.163E+01
.155E+01 0.162E+01
.160E+01 0.160E+01
.165E+01 0.159E+01
.170E+01 0.158E+01
.176E+01 0.155E+01
.181E+01 0.153E+01
.186E+01 0.149E+01
.191E+01 0.145E+01
.196E+01 0.140E+01
.202E+01 0.132E+01
.205E+01 0.105E+01
.205E+01 0Q.970E+00
.206E+01 0.B79E+00
.206E+01 0.B17E+00
.207E+01 0.714E+00
.208E+01 0.631E+00
.209E+01 0.558E+00
L209E+01 0.474E+00
.210E+01 0.400E+00
.211E+01 0.327E+00
.212E+01 0.273E+00
L213E+01 0.217E+00
L214E+01 0.174E+00
.215E+01 0.136E+00
.216E+01 0.102E+00
.217E401 0.BO3E-01
.21BE+01 0.638E-01
.215E+01 0.464E-01
.219E+01 0.386E-01
.220E+01 0.285E-01
.221E+01 0.194E-01
.223E+01 "0.120E-01
.224E+01 0.7B6E-02
.225E+01 0.637E-02
.225E+01 0.524E-02
.226E+01 0.234E-02
.227E+01 0.279E-02
.229E+01 0.190E-02
.230E+01 0.223%E-02
,231E+01 0.316E-02
.234E+01 0.388E-02
.239E+01 0.555E-02
.243E+01 0.735E-02
,247E+01 0.840E-02
.252E+01 0.973E-02
.256E+01 0.104E-01
.261E+01 0.113E-01

0.5*ROF*UF**3=

|
(=]
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CF

.335E-02
.774E-02
.106E-01
.115E-01
.114E-01
.164E-01
.195E-01
.181E-01
.207E-01
.216E-01
.201E-01
.213E-01
. 216E-01
.207E-01
.205E-01
.231E-01

217E-01

.222E-01
.236E-01
.232E-01

224E-01
235E-01

.234E-01
.244E-01
.240E-C1
.23BE-01
.234E-01
.277E-01

266E-01

.275E-01
.255E-01
.324E-01
.269E-01
.306E-01
.298E-01
.337E-01
.307E-01
.330E-01
.332E-01
.327E-01
.352E-01
.385E-01
.377E-01
.409E-01
.423E-01
.474E-01
.527E-01
.551E-01
.648E-01
.B09E-01
.9738-01
.109E+00
L121E+00
L 127E+00
J118E+00
L121E+00
L114E+00
L111E+00
.102E+00
.936E-01
.833E-01
,755E-01
.638E-01
.§72E-01
.482E-01
.430E-01
.362E-01
.284E-01
.252E-01
.195E-01
.142E-01
.945E-02
.680E-02
.491E-02
.369E-02
,267E-02
.126E-02
.111E-02
.334E-03
.526E-03
-0.
.691E-03
-0.
-0.
-0.
-0,
-0.

3B9E-03

811E-03
980E-03
126E-02
102E-02
88BE-03
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0.2233E+07

CH

.144E+0C
.144E+00
.139E+00
.136E400
.134E+00

131E+00

.126E+0C
.124E+00
.122E+00
.117E+00
.115E+00
.111E+Q0
.106E+CO
.103E+00
.99BE-01
.972E-01
.943E-01
.926E-01
.908E-0C1
.895E-01

8B8BE-01

.873E-01
.862E-01
.850E-01

850E-01

.845E-01
.829E-01

822E-01
809E-01

.816E-01
.796E-01
.796E-01
.7B6E-01
.771E-01
.776E-01
.776E-01
.762E-01
.764E-01
.762E-01

764E-01

.75BE-01
.761E-01
.763E-01
.765E-01
.773E-01

781E-01

.772E-01
.792E-01
.807E-01
.843E-01
.784E-01
.797E-01
.763E-01
L736E-01
.676E-01
.644E-01
.578E-01
.510E-01
.439E-01
.381E-01
.335E-01
.274E-01
.231E-01
.192E-01
.151E-01
.135E-01
.105E-01

812E-02

.675E-02
.526E-02
.389E-02
.23%E-02°
.168E-02
.116E-02

.630E-03

n



.318E-01
.318E-01
.318E-01
.31BE-01
.318E-01
.318E-01
.318E-01
.318E-01
.318E-01
.318E-01
.318E-01
.318E-01
.318E-01
.318E-01
.318E-01
.318E-01
.318E-01
.318E-01
.318E-01
.320E-01
.328E-01
.3448-01
.368E-01
.383E-01
.388E-01
.392E-01
.397E-01
-402E-01
.407E-01
.413E-01
.419e-01
.425E-01
.431E-01
.438E-01
.445E-01
.452E-01
.459E-01
.487E-01
-534E-01
.582E-01
.630E-01
.678E-01
.727E-01
.777E-01
,826E-01
.877E~-01
.927E-01
.978E-01
.103E+00
-108E+00
.113E+00
.119E+00
.124E+00
.129E+00
.135E+00
.140E+00
.145E+00
.151E+00
.157E+00
.162E+00
.168E+00
.173E+00
-179E+00
.185E+00
.191E+00
.196E+00
.202E+00
.208E+00
.214E+00
.220E+00
.226E+00
.232E+00
.23BE+00
.244E+00
.251E+00
.257E+00
.263E+00
.269E+00
.276E+00
.282E+00
.288E+00
.295E+00
.301E+00
.30BE+00

.597E-01
.580E-01
.562E-01
.545E-01
.527E-01
.509E-01
.491E-01
.473E-01
.454E-01
.436E-01
.417E-01
.399E-01
.3B0E-01
.361E-01
.342E-01
.322E-01
.303E-01
.284E-01
.264E-01
.243E-01
.222E-01
.204E-01
.193E-01
.191E-01
.191E-01
.191E-01
.191E-~01
.191E-01
.191E-01

191E-01

.191E-01

191E-01

.191E-01
.191E-01
.191E-01
.191E-01
.191E-01
.191E-01
.191E-01

191E-01

.151E-01

191E-01

.191E-01
.191E-01
.181E-01
.191E-01
.191E-01
.191E-01
.191E-01
.191E-01
.191E-01
.191E-01
.191E-01
.191E-01

191E-01
191E-01

.181E-01
.191E-01
.191E-01
.191E-01
.191E-01
L191E-01
.181E-01
.191E-01
.191E-01
.191E-01
.191E-01
.191E-01
.1921E-01
.191E-01
.191E-01
.191E-01
.191E-01
.191E-01
.191E-01
-191E-01
.191E-01
.191E-01
.19%1E-01
.1981E-01
.191E-01
.191E-01
.191E-01
.191E-01
.191E-01
.191E-01
.191E-01
.191E-01
.191E-01
.191E-01
.191E-01
.131E-01
.191E-01

(e o)

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

.265E+01
.270E+01
.275E+01
L279E+01
.284E+01
.289E+01
L293E+01
.29BE+01
.303E+01
.308E+01
.313E+01
.318E+01
.323E+01
.328E+01
.333E4+01
.338E+01
.343E+01
.34BE+01
.353E+01
,358E+01
.364E+01
.371E+01
.378E+01
.382E+01
.383E+01
.384E+01
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Fig. 4 Concluded.



uoHNQLISIP uondLy uyS ¢ g

W/N ‘L

LLlllJ_LlllllllllljllllllJlllllIlllIIllll

28



29

*K)isuop sutjureans uoneugels 9 S

ww “x

0000 S00°0- 01L0°0- G100~
— — —

— T T T I

\\ .

ol

0¢

‘lunll||||||nl|ll||llll|'i"|’|’|"’|"'|'l'll’|i||'

- og
*°d/d oy
0S
09

0.

08



30

000}

000¢

000€

000

0005

0009

-arnjesadurd) sutjureans uoneusels / Sig

wuw ‘X

0000
—

S00°0- 0L0°0- G1L0°0- 0c0°0-

— T

— T T T — ¥ L T

I"liTllllllIllllllll]lllllllll



31

"Sourureans g -1
w ‘x
¢O
T — T

€0



"K100paA enuadue] g "1

w ‘X
€0 ¢0 10 00
_ T — 71— 71— 0G-
¥ 0
aue|d eseg 1 suw'n
y | |
— 09
aue|d aseg i
- 00}




33

"SINOJU0D YORJA (O] "Ski
w ‘X

¢0

¢0

€0



34

AAAAAAAAA

AAAAAAAAAAA

LA

A
T

A
TR
AN

0.12

0.10

Thbapsaasrases W f///f//f!lmmnm..-...

A i%%‘;‘l[[ //////,,HN”HHuu......_
/////”//,///Imm~-~---
e [ o

0.08

[T e
””””””!Hmm.
N””””Nln vvvvv -

—a
_—
—
——
——

/[/l/”””“”””"mm—

/////////lmm,,,...
/I n......
/ ///////////uu.......__
//////////,/u,............._
////_///1//,.................
/ ////l//u......,.,,.,.,.,.
L1070000,0 s v

f v v = o o s s 0 0 8 2
------------

A I R

| S

L1 1

i1 l

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

0.0Q =

m

X,
Fig. 11 Velocity vectors in near wake region.



35

"SINOIU0I ANSU(Q 71 "Su
MILA [[RIDAQ (B)

w ‘X

¢

0

gW/Bx . 01 x 90€°L =d

00

10

w ‘A

¢0

€0



36

*SINOIU0 ANsua(q 71 ‘814

M3IIA [[eIAQ (B)

w ‘X

me\mx ,-0F X 90€"} =

I
o0

d

00

10

w ‘A

¢0

£0



37

‘PapNjoU0) 71 "Bt
uoI3a1 ayem JeaN (q)

w ‘X

10 ¢l0 0L0 80°0 90°0 00 c0’

— T l 1

— T T 1 L ﬁ 7 I 1 L — 1 T 1

] Q
. L l=°dd W

0
10°0

€00

GO0 WA

00

60°0



38

‘soqjord Ansusp ayep €1 S
*°d/d

s v € ¢ + 0 ¥ € ¢ + o0 v € ¢ } 0

————-—-—-———_———____——_——_———_—uddq—q_-_—___——-—_———__—__—_d—q—_—_——-_——ﬁdﬂl
4
WHG00=X|
e il
wzprg=x] ]
q X~ ;
5
wiZo=x" T/
9 0 q e u

000

GO0

0L'o

SL°0

0c0

G20



39

¢.o

"SINOJUOD , ANI[-2Inssal], +] “Suy
w ‘X
m.o N o F.o

M /L€0L
mE\mv_ ,-0F X 90€'}

"OOl—u
= °°g

€0



-

‘soqyoid | oyp-aanssaxd,, oxemr ST S

“(19)/(L9)

002 oSt
}

I T 1 L L T

00t
T

-4
=

weglo=X

Ww $G0°0 = X
e

40

q

J

wigo=X
0 g
X=— /
I/

————mmmm e --=-=--d 0O

- e e e e Gm e e =

L

l 1 L 1

00°0

S0°0

00

w ‘A

GL°0

02’0

G20



41

*$IN0jJu0d amyeradwo ], 97 “S1g
armyeradurs) oroury [[RIAQ (B)

w ‘X
0 €0 ¢ 0 10 00

— T L ¥ L] — T T T T — ] T L] T — T T T i T
==0001} ]
-0g9} i
- 098%” qgov 005} r(x -
— 005} 000¥
0 4
e oo%m - -

e N 0052

——— 000} -
M 005 =A0) i

00

10

¢0

€0



42

‘psnunuo) 971 S
amgersdws) euonesuel], (q)
w ‘X

¥'0 €0 A 10 00

— T T T T |

—

—

T~

0G8% Q0L L f
o X

r T v 1 v T T T T \_
0S1 ‘ N« |

0001 :

00§ =11

00

10

w ‘A

>0

£0



43

"panuyuo) 971 *31q
amjeraduio) euoneloy (o)

w ‘X
v0 €0 ¢0 10 00
— f T T T — T 1 T T — T Ll 1 — 1 Ll T ) T
O 7
— — - Q% -
< 0002 N
&2 :
0051 A i
00L} ___ )
— M,Voﬁ 000 ka\ 005H ]
. v
¢ \ \000¥ -
\\]/Ffr g \ "
% oooe |
— %0, < 0052
0Se) I
——— 000} =
o T ose l
» 00% =71 4

00

1’0

¢0

€0



44

"PapNu0) 91 “3ig
amjeradwo) jeuoneiqip (p)

w ‘X
0 €0 A 10 00

— T T T T — T T T 1 — 1 T 1 T — T
s OO T
= = 000, = ° T
————000}* - ] 002}
00S ]
MooL="1 7

00

10

¢o0

€0



45

'sojoxd ayepy L1 31
“wmuqinbauou [euuay Jo JuAxH (e)

MOty -41)

G0 090 G620 000 090 S0 000 090 G20 000 sco-

_ L _ LI — LR L _ LA _ LI _ LR _ L _ LI _ L L _ LI

000

GO0

010

w ‘A

SL°0

020

T



46

‘panumuo) /1 ‘31
armyesodwo) onoury [TetsAQ (q)
¥ 9
000€ 0002 000} 0 0002 0001} 0 000c 0001}

_ 1 T 1 ! _ T ! 1 ¥ — 1 { i ! — 1 ¥ 1 1 _ I 1 1 I — I T T T _ I I I I — J I I I _ ) |

Wwelo=Xx

.Allr_
E—Nn.voux , d <

T

000

SO0

0c0

Gc'0



47

"pepnpou0) L1 “3tq
AN00]2A JRIXY (0)

S/W ‘N

0¢

000¥ 000¢ 0 000¢

— ¥ T 1 — ¥ T 1 1 i 1 1

WwelLo=x

W 1g0=x
o

— T ¥ 1 T

00

GO0

010

w ‘A

S0

0c0



*3)el Sunjesy S0eLINS paje[noeo Jo uosuedwo) {1 Suy

10[d ueIsarre)) (®)
Uass

vl 4! o]! 8 9 4 2 0
T...______________rIL\J\_..Du____Lo
_ .mm

| i
(81 JoH) ' O'gdIS "S'N ----- __ £

!

ONSd —— { :
{ .. 1§}
402
- 62

An

0€

lge

48

Wwo/M ‘b



PAPNIPUO) [
101d Jopwdg (4)

Uyys
Al 2l ol 8 9 1% 2 0
_._.__.___.._#.._q.q_q1ﬂaﬂ..N-o_,
(81 °J9d) 0gdIS"S' N~~~ E |01
OWNSa ——— )
| E Ol_wo/m ‘b
E lo N \;
__ H
3_01



-ainssald aoepns paje[nojed jo uosuedwo)) g1 1
j01d ue1sauR)) (B)

Uyys

(81'10H) 0'g dIS 'S'N" """
ONSQ ——

50

- 00§
SN °d

1 000}

- 0051t



PapnpPuUO)) 6 “d|

o

A 101d Goprwoag (y)
Yars
14 ¢l Ol 8 9
— v L) T — L] T | { — T Lf T q L) ¥ T — T

L llllLll i 1 Illlllll L

lllllli 1

lLlLlllL i



"UONOLIJ ULYS paje[nores jo uosuedwo)) o7 Sy

Uy/s

ONSA ——

32







Fom Approved

REPORT DOCUMENTATION PAGE ' OMB No. 0704-0188
"Public nporﬂng burden for this collection of information is utlmahd to average 1 houv per resp [ g the um. for g Instr g existing data souroes,
gathering and maintalining the data d ‘IM p .md g the of Inf k scnd g thlsbumnodlmbumyoth«wdthb
collection of information, Inchrding suggest for reducing this burden, to Washington Headquarters Servi for tions and Aeports, 1215 Jefferson Davis
Highway, Sulte 1204, Arfington, VA 222024302, tnd!olhc Office of Management and Budget, Paperwork Haducﬂon Project (070‘0186) Wad\hg‘ton DC 20503,
1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
January 1995 Technical Memorandum
e s e————————— p— R
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
DSMC Calculations for a 70° Blunted Cone at 3.2 knv/s in Nitrogen 242-80-01-01

6. AUTHOR(S)
James N. Moss, Joseph M. Price, and Virendra K. Dogra

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

NASA Langley Research Center
Hampton, VA 23681-0001

#. SPONSORING / MONITORING AGENCY NAME(S) AND 'ADﬁﬁESS(ES) - 10. SPONSORING / MONITORING
. _ . AGENCY REPORT NUMBER
National Aeronautics and Space Administration
Sp NASA TM-109181

Washington, DC 20546-0001

11, SUPPLEMENTARY NOTES
Moss and Price: Langley Research Center, Hampton, VA; Dogra: VIiGYAN, Inc., Hampton, VA.

12a. DISTRIBUTION/ AVAILABILITY STATEM-ENT 12b. DISTRIBUTION CODE
Unclassified-Unlimited

Subject Category 34

13. ABSTRACT (Maximum 200 words)

Numerical results obtained with the direct simulation Monte Carlo (DSMC) method are presented for Mach 15.6
nitrogen flow about a 70-deg spherically blunted cone at zero incidence. This flow condition is one of several
generated in the Large Energy National Shock (LENS) tunnel during tests of a 15.24 ¢cm diameter model with an
afterbody sting. The freestream Knudsen number, based on model diameter, is 0.0023. The focus of the DSMC
calculations is to characterize the near wake flow under conditions where rarefaction effects may influence
afterbody aerothermal loads. This report provides information conceming computational details along with
flowfield and surface quantities. Calculations show that the flow enveloping the test model is in thermal
nonequilibrium and a sizable vortex develops in the near wake. Along the model baseplane the heating rates
are about 0.6 percent of the forebody stagnation value while the maximum heating along the sting is about 4.2
percent of the forebody stagnation value. Comparison of a Navier-Stokes solution with the present calculations
show good agreement for surface heating, pressure, and skin friction results.

14, SUBJECT TERMS - 15. NUMBER OF PAGES
direct simulation Monte Carlo (DSMC), biunted cone, hypersonic, near wakes, heat | 53
transfter, rarefied 16, PRICE CODE
AO4
17. SECURITY CLASSIFICATION  ]18. SECURITY CLASSIFICATION _ |19. SECURITY CLASSIFICATION 120, LIMITATION OF ABSTAACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified

. . . ——— i e il
8N 7540-01-280-5500 Standard Form 298 (Rev. 2-89)
Prescribed by ANS! 5id. Z30-18
208-102

A

¢



